Marine wood-borers and burrowers can substantially alter habitats and human-created structures in the marine environment. While many marine borers and burrowers occur only in a few substrata, burrowing sphaeromatid isopods can damage a variety of substrata. On the Pacific coast of North America, burrowing by the non-native isopod, Sphaeroma quoianum, accelerates shoreline erosion and damages marine structures. We conducted a lab experiment to quantify the per capita burrowing effect of S. quoianum on four common estuarine substrata. After two months, isopods created longer and more voluminous burrows and removed the most material (per capita) in marsh banks and Styrofoam followed by sandstone and non-decayed wood. We also examined the burrow morphology (length, diameter, volume) of burrows of S. quoianum from those four substrata collected in the field. We observed longer and more voluminous burrows in marsh bank and Styrofoam substrata, although we only detected a significant difference in length between substrata. Based on our lab results, we estimate a population of 100 000 adult isopods burrowing for two months could remove approximately 176 liters of marsh bank, 103 l of Styrofoam, 72 l of sandstone, or 29 l of non-decayed wood. While the per capita bioerosion effects are lower than some bioeroders, e.g., the shipworm Bankia setacea, the pholad Penitella penita, high densities and wide distributions of S. quoianum suggest it is a substantial bioeroder within the intertidal and shallow subtidal in temperate Coos Bay, Oregon, and perhaps the other estuaries it has invaded.
INTRODUCTION
Marine borers and burrowers can cause drastic alterations to the physical structure of marine substrata. Some of the most prodigious borers include the limnoriid (gribbles) and sphaeromatid isopods and teredinid bivalves (shipworms). These borers can reduce the integrity of wooden marine substrata (woody debris and marine timber) causing economic damages (Miller, 1926; Hill and Kofoid, 1927; Ray, 1959; Cohen and Carlton, 1995) . For example, boring by the shipworm Teredo navalis and other wood borers in San Francisco Bay and New York harbor facilitated the collapse of docks (Miller, 1926; Hill and Kofoid, 1927; Cohen and Carlton, 1995) causing millions of dollars of damage and repair costs. Piddocks and burrowing mussels also extensively modify the physical characteristics of friable rocks such as sandstone and chalk. For example, boring clams can remove up to 41% of the volume of chalk and clay bluffs during their lifespan (12 years; Pinn et al., 2005) or up to 12 mm of sandstone a year (Evans, 1968) . Burrowing by numerous species of crabs also can modify marsh and clay embankments. The extensive burrowing by grapsid crabs in saltmarshes of Argentina decreased shear strengths and increased erosion rates (Escapa et al., 2007) . While most borers and burrowers inhabit only a single substratum type, burrowing sphaeromatid isopods can inhabit numerous substrata ranging from mangrove roots (Rehm and Humm, 1973; Perry and Brusca, 1989) to rock sea walls (Chilton, 1919; Dharmaraj and Balakrishnan Nair, 1982) and Styrofoam floats (Carlton, 2001) .
The burrowing isopod Sphaeroma quoianum (Milne Edwards, 1840), native to Australia and New Zealand, is introduced to at least 15 estuaries on the Pacific coast of North America (Davidson, 2008) . Sphaeroma quoianum can burrow into numerous substrata, but is most often found in firm marsh banks (embankments composed of peat, mud, and clay), wood (decayed and non-decayed; treated and nontreated), friable rock (such as sandstone and mudstone bluffs and stones), and expanded polystyrene plastic floats (hereafter: Styrofoam; Davidson, 2008) . These isopods are filter feeders and they do not intentionally consume the material they excavate (Rotramel, 1975) . Dense aggregations of burrows of S. quoianum (many thousands per m 3 of material) substantially weaken substrata (Hill and Kofoid, 1927; Talley et al., 2001 ) and greatly increase the surface area exposed to erosion (personal observation) and the area available to other organisms to inhabit (Davidson et al., 2010) .
The substrata affected by S. quoianum are valued by humans. Saltmarshes provide numerous ecosystem services (Mitsch and Gosselink, 2003) and sandstone rock buffers shoreline erosion (Masselink and Hughes, 2003) . Nondecayed wood and Styrofoam floats are important components of docks and other marine infrastructure. Since these burrowers can cause economic damages and modify estuar-ine substrata and habitats, estimating the per capita burrowing rates of S. quoianum will help quantify their geomorphic effects on different estuarine substrata. Our study seeks to determine how substratum type affects the length and volume of burrows created by S. quoianum and to quantify this per capita bioerosive effect using a lab experiment. We hypothesize that isopods will create the longest and most voluminous burrows in marsh bank and Styrofoam substrata because these are softer than non-decayed wood and sandstone. Our lab studies are supplemented by measurements of the morphology of burrows created by populations of S. quoianum in the field. Together these data will allow us to estimate per capita effects of burrowing and examine how burrows change the physical characteristics of four common estuarine substrata.
MATERIALS AND METHODS

Lab Experiment
We conducted a laboratory experiment to quantify the rate of bioerosion by S. quoianum on four substrata: marsh bank, non-decayed untreated wood, sandstone, and Styrofoam. Using a Latin square design, we placed 24 experimental units (6 replicates of 4 substrata) in a free flowing and aerated seawater table. To mimic field conditions whence populations of S. quoianum were collected, salinity was maintained at 28-33 PSU by adding freshwater, water temperature was maintained at 14
• C, and additional phytoplankton were added every two weeks for food. Animals were held in experimental conditions for 24 hours prior to experimentation.
We gathered samples of the four types of substrata from intertidal areas with populations of S. quoianum in Coos Bay, Oregon (43
• 27 2.4 N, 124
• 13 22.2 W). The samples were all burrowed by S. quoianum, demonstrating the substrata we collected were capable of being altered by these isopods. We cut six replicate blocks from the unburrowed portions of each substratum and shaped these to a standard volume (800 cm 3 ). Since marsh bank blocks could possibly harbor infauna, we defaunated them by freezing prior to experimentation (infauna were not detected in any substratum at the end of the experiment). Substrata were then placed into plastic containers and sealed so that only one side of the substratum was exposed (surface area = 100 cm 2 ). We cut the marsh bank blocks slightly larger than the container and inserted them snugly into place, thus the blocks remained mostly compacted despite constant submersion. To ensure the containers were properly flushed with aerated water, mesh screens were added on the lids and two sides. Since S. quoianum is thigmotactic, ten small divots (6.35 × 6.35 mm) were created on the surface of the blocks to prompt isopods to initiate burrowing. These divots greatly decreased the time it took for isopods to begin burrowing in preliminary experiments (Davidson, unpublished data) . Ten adult isopods (10-13 mm in length) were added to each enclosure and were left to burrow. We separated isopods into relative size categories (small, medium, large) and dispersed them among replicates so that all replicates received all sides evenly. We did not include the divots in our measurements if isopods did not burrow into them.
We ended the experiment after two months when we observed signs the edges of the marsh bank blocks were beginning to erode and increased mortality of the isopods (15-20%). The level of mortality did not significantly vary between substrata (F = 1.3, P = 0.29) and thus is unlikely to have confounded the results. Because we could not determine when isopods died during the experiment, our per capita effects were estimated from 10 isopods, thus these measurements may be underestimated in some instances. It is unlikely isopods would have created substantially larger or longer burrows after two months since in a 2-week field experiment (Davidson et al., 2008) , isopods had already created burrows half as long as our final measurements in this experiment for all four substrata (Davidson, unpublished data) .
This experiment examined bioerosion in subtidal conditions. While these four substrata can be found in permanently subtidal conditions, some substrata (marsh banks, for example) are found most often in intertidal conditions. Thus, our measurements of burrowing rate may be higher than what occurs in the field since burrowing may cease during low tide. However, we noted that individuals of S. quoianum are rapid and intermittent burrowers (Barrows, 1919) ; thus, it is unlikely that isopods exposed to the subtidal conditions of this two-month experiment would have yielded longer burrows than if they were exposed to intertidal conditions. Most populations of S. quoianum are intertidal, however, so we also measured burrows in the field and compared their substrata-specific lengths and volumes under both field and experimental conditions.
Field Sampling
The morphology of burrows and burrowing effects of populations of S. quoianum were further examined by haphazardly collecting samples of burrowed substrata from the field during February 2011 from Coos Bay, Oregon. We collected six marsh blocks, nine pieces of woody debris, eleven sandstone rocks, and four pieces of Styrofoam float jetsam. Sample sizes of the substrata differed because samples fell apart or were unavailable in the field. We measured 14.41 ± 2.66 (mean ± 95% CI) burrows per substratum (423 burrows total) since some substrata failed to be properly casted or broke during processing (see below). Field burrow samples were collected from the same locations where we collected the substrata used in lab experiments. Since we could not collect samples from wooden marine structures that were lightly burrowed, our estimates of burrow morphology of wood were made from decayed and non-decayed woody debris.
Measurements of Burrow Morphology
The burrow morphology of both the experimental blocks and the field-collected samples was processed in the same fashion. We removed the isopods that were accessible without disturbing the burrow and then made wax (wood, sandstone or marsh) or plaster of Paris (Styrofoam) casts of the burrows. We broke apart the substratum carefully by hand or with a chisel and removed the casts. Occasionally the wax and plaster burrow casts were truncated from incomplete filling of the burrows by the casting material or by the presence of isopods that we had been unable to remove. When we observed incomplete casting, we also measured the distance from the incomplete burrow cast to the terminal end of the burrow and added it to the length total. Some irregularly shaped substrata samples were unable to be properly casted; in those circumstances, we measured the burrow length and diameter directly. Likewise, in field-collected samples, some burrows were connected to other burrows forming side chambers or burrow complexes. In these instances, we considered burrows distinct from each other when they split from a central burrow and/or exhibited a change in diameter (suggesting a differently sized isopod extended the burrow). We measured the diameter of the burrows at the middle of the burrow or burrow cast. Since the burrows are vermiform in shape, the volume was calculated based on the volume of a cylinder plus the volume of one-half a sphere (to represent the tapered end of the burrow). Surface area was measured by completely covering intact burrow casts in aluminum foil. This foil was then removed and carefully flattened. We photographed the flattened foil covers with known size references and used ImageJ (version 1.43u) photoanalysis software to estimate surface area.
Data Analysis Differences in the mean burrow length, diameter, volume and total volume removed per isopod (per capita) were analyzed using nested ANOVA. When a significant difference was detected, we used the Tukey HSD test for pairwise contrasts. We examined the association between surface area, diameter, and length using Pearson's correlations. Model assumptions were visually evaluated using boxplots and frequency histograms; as necessary, the data were log-, squareroot, or cube-root-transformed to meet model assumptions and to reduce the influence of outliers. We used Kruskal Wallis tests (with Behrens-Fisher nonparametric multiple comparisons tests) when transformations failed to normalize the data.
RESULTS
Lab Experiment
Isopods burrowed in all four substrata. We detected significant differences in the mean burrow length (F 3,20 = 30.3, P < 0.001) and burrow volume (F 3,20 = 45.7, P < 0.001) and the per capita total volume removed (F 3,20 = 40.9, P < 0.001) by individuals of S. quoianum between the four substrata (Fig. 1) . The mean burrow length and mean volume removed by S. quoianum were greatest in marsh bank followed in descending order by Styrofoam, sandstone, and non-decayed wood. Isopods created burrows that averaged between 2.5 to 15 times greater than their mean body volume in marsh (×15.2 ± 2.3; mean ± 95% CI), Styrofoam (×8.9 ± 0.9), sandstone (×6.2 ± 2.2), and wood (×2.5 ± 0.39).
In some replicates, isopods created multiple burrows. The number of burrows created differed between substrata (Fig. 1, H = 11 .9, df = 3, P = 0.008): marsh bank substrata harbored the most burrows at the end of the experiment but was only significantly greater than wood (P = 0.001; other treatment differences: P > 0.05). Individuals made more than one burrow each in five of the six replicate marsh blocks and in one sandstone block. Individual isopods were found outside of burrows in five of the wood blocks (and one marsh bank block) and were found sharing burrows with another isopod in one Styrofoam block.
Field Sampling
The mean length and volume of burrows in the fieldcollected marsh bank and Styrofoam samples were greater than sandstone and wood samples (Fig. 2) , but we only detected a significant difference in the mean length of burrows (F 3,26 = 3.06, P = 0.046; volume: F 3,26 = 2.95, P = 0.051). The pair-wise contrasts revealed that burrows in marsh bank were significantly longer than sandstone burrows (P = 0.038, all other contrasts P > 0.05). The mean burrow diameter did not differ between substrata (F 3,26 = 0.83, P = 0.49). The mean diameters (±95% CI) of marsh bank, Styrofoam, sandstone, and wood burrows were 5.87 ± 0.63, 6.16 ± 0.86, 5.44 ± 0.48 and 5.66 ± 0.47 mm, respectively.
General Observations of Burrow Morphology and Associations
All of the individual burrows observed were vermiform in shape. We detected a positive linear relationship between burrow diameter and length (r 2 = 0.36, df = 421, t = 15.3, P < 0.001); larger isopods burrowed deeper into the substratum. The burrows ranged between 2.15-77.4 mm in length and 1.9-10.35 mm in width. Most burrows went straight into the substratum and did not change directions; however, long burrows created in Styrofoam and marsh bank substrata could be sinuous. These longer burrows often connected with other burrows forming interconnected burrow galleries in Styrofoam and marsh bank substrata.
The surface area and length of burrows were also positively correlated (r 2 = 0.90, df = 97, t = 29.53, P < 0.001, y = 30.35x − 7.85). For each 1 mm of length added to a burrow, the surface area increased by 22.50 mm 2 . By comparing the area of the burrow's aperture (which would be the surface area if the burrow were not present) to the surface area of the burrow, we can also calculate the percent increase in surface area of a substratum due to burrows of S. quoianum. The percent change in surface area (through the creation of burrows) increased by 328.46% for each 1 mm of length added. The percent change in surface area was also positively correlated to the length of burrows (r 2 = 0.79, df = 97, t = 18.89, P < 0.001, y = 57.95x − 270.5).
DISCUSSION
The burrowing effects of S. quoianum were greater in the marsh bank and Styrofoam substrata than the harder sandstone and wood substrata in both laboratory and field studies. In the laboratory, S. quoianum created the longest and most voluminous burrows and removed the most material per capita in marsh bank and Styrofoam substrata. Isopods also created multiple burrows in marsh bank blocks, which indicates that isopods will abandon existing burrows to create new ones in that substratum. It is unclear why isopods did not create multiple burrows in the soft Styrofoam substrata; it may be due to the greater stability of Styrofoam Fig. 1 . The mean burrow length and volume, per capita number of burrows created by individuals of Sphaeroma quoianum, and total volume removed per isopod, for each of four substrata after two months in the lab. Statistically significant differences between treatment levels are denoted by different letters. relative to marsh bank or the lack of microhabitat differences within the block. Marsh bank substratum is dynamic and constantly being altered through tidal action and other factors (Gabet, 1998) . We observed that abandoned burrows within this substratum are often deformed and showing signs of collapse, which suggests isopods must maintain burrows in marsh banks or create new ones. Potentially, microhabitat differences within the marsh bank substratum, such as the presence of infauna, may also cause an isopod to abandon a burrow. Similar to our laboratory results, burrows of S. quoianum measured from samples collected in the field were also longer and more voluminous in marsh banks and Styrofoam floats than in sandstone and woody debris, but we did not detect a statistical difference between substratum type and volume due to high variation. The high variation exhibited in field-collected data likely results from the variable environmental conditions under which burrowing occurred, the greater variation in the physical characteristics (hardness, for example) of the substrata collected, and the greater size range of isopod borers. Due to the high per capita effects of burrowing on marsh and Styrofoam substrata, we predict these two substrata will be most affected by S. quoianum in other estuaries.
Burrowing by S. quoianum physically alters numerous intertidal and subtidal substrata. While burrows are typically shallow (around 2-3 cm long; this study, Talley et al., 2001) and small (<1 cm 3 ), populations of this isopod occur in high densities creating anastomizing burrow networks at the surface of substrata. This burrowing effect reduces the density of the substratum, makes the substratum more prone to shear (Talley et al., 2001) or collapse, and increases the surface area exposed to erosion. We found even small changes in burrow depth substantially increased the exposed surface area of a substratum. The increase in surface area may concomitantly increase the level of erosion that acts on that substratum (as hypothesized by Davidson and de Rivera, 2010) or increase the availability of space for other organisms to inhabit (Davidson et al., 2010) . The relative hardness of the substratum likely affects burrowing by S. quoianum and may explain why burrowing effects were greater in the softer marsh bank and Styrofoam substrata. Bioerosion by numerous taxa, including crustaceans, gastropods, and bivalves, is depressed in harder substrata (McLean, 1967; Pinn et al., 2005; Cragg et al., 2007) . Similarly, the congeneric burrowing isopod S. terebrans prefers to attack areas of hard wood that already exhibit signs of damage or are softer (Estevez and Simon, 1975; Santhakumari, 1991) .
Our results, combined with earlier studies, suggest that all four substrata are affected by S. quoianum. While the wood and sandstone substrata support higher densities of burrows and isopods than saltmarsh bank (Davidson et al., 2010) , we found these isopods exert much higher per capita effects on the saltmarsh habitat (and Styrofoam floats) under subtidal conditions. The high per capita effects on these soft substrata are concordant with both field experiments examining the erosion by S. quoianum in marshes (Talley et al., 2001; Davidson and de Rivera, 2010) , and observations and measurements of the burrowing impact of S. quoianum on Styrofoam floating docks (Davidson, 2008; Davidson et al., in prep.) . In field experiments, marsh banks burrowed by S. quoianum eroded between 240% (Talley et al., 2001) and 300% (Davidson and de Rivera, 2010) faster than unburrowed controls and reference areas. Similarly, we confirmed that non-decayed wooden structures exhibit little burrowing damage and rarely harbor populations of isopods in the field (Hill and Kofoid, 1927) . Scaling up the results from our lab study, we estimate a population of 100 000 adult isopods (mean density of a heavily infested Styrofoam float or heavily infested cubic meter of marsh bank) could, in two months, remove approximately 176 liters of marsh bank, 103 l of submerged Styrofoam, 72 l of sandstone, and 29 l of non-decayed wood.
We found a variety of marine borers and burrowers in marsh banks, woody debris, and sandstone in the intertidal and shallow subtidal regions of Coos Bay and other temperate estuaries, but S. quoianum appears to be the most common bioeroder detected. Other bioeroders can excavate a higher per capita volume of substrata across their lifetime or at a higher rate than S. quoianum (between 0.15-0.88 cm 3 /month, depending on substratum, Fig. 1 ). For example, the pholad Penitella penita bores at a rate of 1.15 cm 3 /month and 10.39 cm 3 /lifetime in sandstone (Haderlie, 1981) and the shipworm Bankia setacea bores at a rate of 2.7 cm 3 /month and 48.6 cm 3 /lifetime in wood (Haderlie and Mellor, 1973) . Additionally, some borers create longer burrows than S. quoianum (between 0.40-1.36 cm/month, depending on substratum, Fig. 1) . Estimates of the mean boring rate of the shipworm T. navalis vary between 2.11 cm/month (calculated from Hill and Kofoid, 1927) and 2.71 cm/month (calculated from Scheltema and Truitt, 1956 ). While other bioeroders may have greater per capita rates, they do not appear as prevalent or dense as S. quoianum; nor do they appear across the same breadth of intertidal to shallow subtidal habitats (Davidson, 2008; Davidson et al., 2010) . The breadth of habitats S. quoianum can occupy coupled with high densities and wide distributions suggest their modest boring activity can have a substantial cumulative effect on numerous marine substrata. critical laboratory space. This research was conducted under an award from the Estuarine Reserves Division, Office of Ocean and Coastal Resource Management, National Ocean Service, National Oceanic and Atmospheric Administration.
